Lipopolysaccharide (LPS) of Gram-negative bacteria is a common pathogen-associated molecular pattern (PAMP) that induces potent innate immune responses. The host immune response against LPS is triggered by myeloid differentiation factor 2 (MD-2) in association with Toll-like receptor 4 (TLR4) on the cell surface. The MD-2/ TLR4-mediated LPS response is regulated by the evolutionarily related complex of MD-1 and Toll-like receptor homolog RP105. Here, we report crystallographic and biophysical data that demonstrate a previously unidentified direct interaction of MD-1 with LPS. The crystal structure of chicken MD-1 (cMD-1) at 2.0 Å resolution exhibits a β-cup-like fold, similar to MD-2, that encloses a hydrophobic cavity between the two β-sheets. A lipid-like moiety was observed inside the cavity, suggesting the possibility of a direct MD-1/ LPS interaction. LPS was subsequently identified as an MD-1 ligand by native gel electrophoresis and gel filtration analyses. The crystal structure of cMD-1 with lipid IVa, an LPS precursor, at 2.4 Å resolution revealed that the lipid inserts into the deep hydrophobic cavity of the β-cup-like structure, but with some important differences compared with MD-2. These findings suggest that soluble MD-1 alone, in addition to its complex with RP105, can regulate host LPS sensitivity. LPS, endotoxin) in the outer membrane of Gram-negative bacteria is a pathogen-associated molecular pattern (PAMP) that potently stimulates host innate immunity (1, 2). Delayed or insufficient immune response against LPS results in uncontrolled infection, but overamplified responses can lead to life-threatening septic shock manifested by hypotension, hypoperfusion, and multiple organ failure (3, 4). Immune responses to LPS are mediated by a complex composed of myeloid differentiation factor 2 (MD-2) and Toll-like receptor 4 (TLR4) (5, 6).
Lipopolysaccharide (LPS) of Gram-negative bacteria is a common pathogen-associated molecular pattern (PAMP) that induces potent innate immune responses. The host immune response against LPS is triggered by myeloid differentiation factor 2 (MD-2) in association with Toll-like receptor 4 (TLR4) on the cell surface. The MD-2/ TLR4-mediated LPS response is regulated by the evolutionarily related complex of MD-1 and Toll-like receptor homolog RP105. Here, we report crystallographic and biophysical data that demonstrate a previously unidentified direct interaction of MD-1 with LPS. The crystal structure of chicken MD-1 (cMD-1) at 2.0 Å resolution exhibits a β-cup-like fold, similar to MD-2, that encloses a hydrophobic cavity between the two β-sheets. A lipid-like moiety was observed inside the cavity, suggesting the possibility of a direct MD-1/ LPS interaction. LPS was subsequently identified as an MD-1 ligand by native gel electrophoresis and gel filtration analyses. The crystal structure of cMD-1 with lipid IVa, an LPS precursor, at 2.4 Å resolution revealed that the lipid inserts into the deep hydrophobic cavity of the β-cup-like structure, but with some important differences compared with MD-2. These findings suggest that soluble MD-1 alone, in addition to its complex with RP105, can regulate host LPS sensitivity.
ipopolysaccharide (LPS, endotoxin) in the outer membrane of Gram-negative bacteria is a pathogen-associated molecular pattern (PAMP) that potently stimulates host innate immunity (1, 2) . Delayed or insufficient immune response against LPS results in uncontrolled infection, but overamplified responses can lead to life-threatening septic shock manifested by hypotension, hypoperfusion, and multiple organ failure (3, 4) . Immune responses to LPS are mediated by a complex composed of myeloid differentiation factor 2 (MD-2) and Toll-like receptor 4 (TLR4) (5, 6) .
MD-2 is coexpressed and forms a stable heterodimeric complex with TLR4 on the cell surface (5, 7) . MD-2 folds into a β-cuplike architecture, and a large hydrophobic cavity between the two β-sheets provides a major binding site for LPS (8, 9) . The recently determined crystal structure of the LPS-bound TLR4/ MD-2 complex has led to a proposed mechanism for LPS-induced TLR4 activation (9) , where five of the six acyl chains of LPS are completely embedded inside the MD-2 cavity. The remaining acyl chain bulges out of the cavity, but is stabilized through hydrophobic interactions with a second TLR4/MD-2 heterodimer. This LPS-induced oligomerization would bring the two intracellular domains of TLR4 into close proximity, resulting in recruitment of intracellular adaptors to initiate signaling (10) . MD-2 is also secreted in a soluble form that confers responsiveness against LPS (11) .
MD-1 and MD-2 are both members of group I of the MD-2-related lipid-recognition (ML) family that is characterized by a lipid binding function (12) . MD-1 shares~20% sequence identity with MD-2. MD-1 is associated with and functions with radioprotective 105 (RP105), which is homologous to TLR4 with~30% sequence identity (13, 14) . MD-1 is indispensable for cell surface expression of RP105 (13-15). RP105 and TLR4 are both expressed on macrophages, dendritic cells, and B cells (16) . These common features indicate evolutionary relatedness between MD-1/RP105 and MD-2/TLR4. Furthermore, these two receptor complexes are functionally related, as MD-1/RP105 regulates MD-2/TLR4-mediated LPS responses. In dendritic cells and macrophages, MD-1/ RP105 down-regulates LPS responses by interacting with MD-2/ TLR4 (16, 17) . In B cells, the MD-1/RP105 complex promotes LPS-driven cell proliferation and antibody production (18, 19) .
Despite the evolutionary and functional connection between MD-1 and MD-2, LPS binding to MD-1 has not yet been reported under assay conditions that were applied for detection of the MD-2/LPS interaction (20, 21) . Thus, it has been generally accepted that MD-1 is not able to bind LPS. Interestingly, recent findings have shown that house dust mite allergens, such as Der p 2 and Der f 2, which are distant homologs of MD-2, also interact with LPS (22) (23) (24) . Given that MD-1 is the closest homolog of MD-2, it seemed curious that MD-1 was reported not to interact with LPS (12) .
Here, we present the crystal structure of chicken MD-1 (cMD-1) at 2.0 Å resolution. The cMD-1 structure reveals a β-cup-like fold, similar to that seen in MD-2, but with large structural variation in loops that might be involved in ligand binding. The MD-1 structure houses a large hydrophobic cavity that, unexpectedly, was found to contain additional long and continuous electron density, suggesting that MD-1 can accommodate a lipid-like molecule, such as LPS. This finding led to our reevaluation of a possible MD-1/LPS interaction by biophysical and crystallographic methods. Native electrophoresis and gel filtration analyses provided strong evidence for a physical interaction between MD-1 and LPS. Moreover, the interaction and mode of binding were visualized in the crystal structure of cMD-1 complexed with an LPS precursor, lipid IVa at 2.4 Å resolution. The structure indicates that the MD-1 cavity hosts one lipid IVa molecule, but in a different binding mode from MD-2.
Results
Overall Structure of cMD-1. The cMD-1 structure was initially determined at 3.0 Å resolution by single isomorphous replacement with anomalous scattering (SIRAS) using a PIP derivative (Table  S1 ). The final 2.0 Å structure (cMD-1 residues 21-158 with the two C-terminal residues 159-160 excluded due to poor electron density) contains two molecules in the asymmetric unit that exhibit essentially identical structures with an rmsd value of 0.08 Å for 138 Cα atoms. cMD-1 adopts a β-cup-like fold, consisting of nine β-strands that form two antiparallel β-sheets (Fig. 1) . Six β-strands (β-A, β-B, β-I, β-H, β-E, and β-F) contribute to sheet-1, and the remaining three β-strands (β-C, β-D, and β-G) to sheet-2. The nine β-strands are interconnected by eight loops designated AB, BC, CD, DE, EF, FG, GH, and HI. Loops BC/DE/FG/HI and the N-terminal end form one edge (edge-1) of the β-cup, and loops AB/CD/EF/GH along with the C-terminal end contribute to the other (edge-2).
cMD-1 contains three intramolecular disulfide bonds between C28 and C53; C40 and C149; and C97 and C107 (Fig. 1) . The C40-C149 and C97-C107 disulfide bridges introduce structural constraints into the relatively flexible BC and FG loops by linking each loop to an ordered β-strand (β-I and β-F, respectively). The C28-C53 disulfide links β-A of sheet-1 to loop CD of sheet-2, and may stabilize the β-cup-like structure by connecting the two discontinuous β-sheets.
MD-1 and MD-2 of the ML family group I display similar overall structures with identical β-strand organization and disulfide bonds (Fig. 2) . However, the rmsd of 2.8 Å between the MD-1 and MD-2 structures indicates some regions have substantial differences. The most pronounced structural deviations are found in the loops, particularly in the CD and GH loops of edge-2 that are involved in ligand interaction (see text following; Fig. 2 ). In addition, a noticeable change is found in β-strand F. MD-1 β-F is 11 residues long ( Fig. 2A) , but the corresponding region in MD-2 is broken into two short β-strands, β-F and β-F′, due to disruption of the main-chain H-bond network around Pro88 (Fig. 2B ).
Hydrophobic Cavity of cMD-1 and Binding of a Lipid-Like Molecule.
The two β-sheets of cMD-1 form a cavity that is open to solvent through a channel enclosed by β-F, loop FG, β-G, and loop GH ( Fig. 1 and Fig. S1A ). The cMD-1 cavity (11 Å × 8 Å) is smaller than that of MD-2 (20 Å × 8 Å) due to partial closure of its entrance (Fig.  S1) . Accordingly, the internal volume of the cMD-1 cavity (~1,300 Å . The partial closure of the cMD-1 cavity entrance mainly results from a pronounced inward shift of loop GH (residues 122-125) toward β-F, compared with the equivalent residues in MD-2 ( Fig. 2 and Fig. S1 ). The neighboring residues 58-60 from loop CD follow a similar structural shift, suggesting a synchronized movement of loops GH and CD. Thus, the size of the cavity entrance is remotely governed by the structure of loop CD. In MD-1, a large bulge (~12 Å) is formed in the middle of loop CD by a six-residue 3 10 helix that pushes the GH loop toward β-F ( Fig. 2A) . In MD-2, a tight β-turn is found in loop CD that keeps its flanking regions close together (~6 Å; Fig. 2B ). Formation of the β-turn in the MD-2 CD loop is driven by a main-chain H bond between Glu53 and Gly56, and further stabilized by another H bond between main chain of residue 53 and the side-chain hydroxyl of residue 57 [Ser57 in human MD-2 (hMD-2) and Thr57 in mouse MD-2 (mMD-2)]. Consequently, β-G and loop GH, proximal to the C-terminal end of loop CD, adopt a conformation that maintains a wider entrance to the cavity in MD-2. Thus, loops GH and CD appear to act as a single, structural dynamic unit that regulates access to the MD-1 and MD-2 cavities.
The internal surface of the cavity is highly hydrophobic with only two hydrophilic residues (Glu94 and Lys103) located at the cavity entrance. This observation suggests that any MD-1 ligand should be an amphipathic lipid-like molecule (i.e., a lipid molecule containing extended hydrophobic acyl chains with a more polar head group). Interestingly, the cMD-1 structure reveals additional long, continuous, two-pronged electron density that penetrates deep into the hydrophobic cavity with a connecting bridge between the prongs at the cavity entrance (Fig. S2) . Above the bridge, additional weak electron density for a polar head group extends from the surface of cMD-1. Given the shape of the electron density and the nature of its environment, a phospholipid molecule, 1-myristoyl-2-palmitoyl-3-phosphatidylglycerol (PGT), was built into the electron density, although other abundant cellular lipids are certainly a possibility. The PGT head group exhibits weak electron density, and its structure is slightly different in the two molecules in the crystal asymmetric unit, presumably due to flexibility or heterogeneity. However, the glycerol backbone and almost all of the two acyl chains show clear and interpretable electron density. Thus, this crystallographic evidence suggests that cMD-1 binds a lipid-like molecule in its hydrophobic cavity.
Interaction of MD-1 with LPS. This structural observation led us to hypothesize that MD-1 is able to interact with LPS. To investigate a possible interaction between MD-1 and LPS, native PAGE was performed using purified cMD-1 as well as mouse MD-1 (mMD-1).
As hypothesized, the mobility of MD-1 was enhanced by the negative charges of bound LPS in a dose-dependent manner (Fig. 3A) .
To test binding specificity, we examined whether cMD-1 competes for LPS with polymyxin B, a cyclic amphipathic peptide (Fig. 3B) . Polymyxin B binds the lipid A moiety of LPS, resulting in neutralization of LPS bioactivity (26) . Polymyxin B itself did not modulate the mobility of cMD-1 but did block the LPS-induced band shift of cMD-1, demonstrating that cMD-1 specifically binds the lipid A moiety (Fig. 3B) . Furthermore, the cMD-1/LPS mixture eluted before cMD-1 in a gel filtration column (Fig. 3C) , where the peak shift (0.7 mL) corresponds to the~5-kDa difference in molecular weight of the LPS used in the experiment. Thus, we conclude that MD-1 directly interacts with LPS.
Structure of cMD-1 Complexed with Lipid IVa. Given the hydrophobic interior, the cMD-1 cavity would provide a suitable binding site for the lipid A moiety of LPS. However, the cavity entrance is not spacious enough to house the two glucosamine moieties of LPS (Fig. S1A) , suggesting that the cavity entrance must undergo substantial structural rearrangement upon LPS binding. To provide insights into the LPS binding mode, we determined the crystal structure of cMD-1 complexed with lipid IVa, an LPS precursor (cMD-1 lipid IVa ; Fig. 4 ). Lipid IVa represents the minimal LPS structure that binds MD-2, and does not have the A3 O 3′ -and A4 O 3′ -linked acyl chains (A3′ and A4', respectively) of lipid A (Fig. 5A) . Otherwise, lipid A and lipid IVa share an identical chemical structure composed of two phosphate groups (P1 and P2), two glucosamine moieties (G1 and G2), and four acyl chains (A1-A4). We crystallized the cMD-1/lipid IVa complex in the same crystal lattice as cMD-1 bound to the putative PGT (cMD-1 PGT ). The cMD-1
One lipid IVa molecule binds inside the hydrophobic cMD-1 cavity (Fig. 4 and Fig. S3A ). Lipid IVa makes contacts (≤4.5 Å) with 29 cMD-1 residues and buries~940 Å 2 of cMD-1 accessible surface area (total of 33 residues) that is provided by all β-strands, except β-A, and loops FG/GH (Fig. 5 and Fig. S4 ). The two phosphoglucosamine moieties of lipid IVa are located at or near the cavity entrance, and surrounded by β-F, loop FG, β-G, and loop GH. The four acyl chains fill almost the entire cMD-1 cavity. Glucosamine G2 and its connected acyl chains A3/A4 of lipid IVa are located in a similar position as PGT in the cMD-1 PGT structure (Fig. S3B ) and do not appear to induce any substantial structural rearrangement of cMD-1, in comparison with G1 and A1/A2 whose effect is described below.
Structural Rearrangement of cMD-1 upon Lipid IVa Binding. Substantial structural deviations were identified between cMD-1 PGT and cMD-1 lipid IVa despite their essentially identical secondary structure (rmsd 1.3 Å; Fig. 4) . Lipid IVa binding, especially the glucosamine G1 and acyl chains A1/A2, expands the MD-1 cavity and increases its volume by~600 Å 3 through large structural shifts of loops CD/GH and a slight separation of two β-sheets (Fig. 4A) . Such structural changes gradually become pronounced from the cavity bottom toward the entrance. The β-strands A, B, I, and C at or near the cavity base do not show any significant structural changes (Fig. 4B) , whereas substantial rearrangements are observed at and near the cavity entrance (Fig. 4A) . Loop GH that surrounds the cavity entrance from sheet-2 shifts up to 6.8 Å away from β-F of sheet-1 and opens up the cavity entrance. Interestingly, loop GH, the most flexible of the MD-1 loops, is noticeably stabilized upon lipid IVa binding, as indicated by large decreases in B value (~34 Å 2 for residues 128-129; Fig. S5 ). This loop GH shift is accompanied by movement in the C-terminal region of loop CD (Fig. 4A ). This finding, combined with our previous structural comparisons of MD-1 and MD-2 ( Fig. 2) , confirms that loops GH and CD act a single, dynamic, structural unit. In addition, small shifts up to 1.2 Å were observed for β-F and loop FG along with rotamer changes of Glu94 and Tyr92 (Fig. 4A) .
In comparison with cMD-1, binding of tetra-acylated lipid IVa did not significantly change the hMD-2 structure (rmsd for 144 Cα atoms, 0.25 Å), suggesting that the MD-2 cavity is already preconfigured for lipid IVa (8) . However, the LPS-bound hMD-2/ hsTLR4 structure showed that hexa-acylated LPS binding induces shifts in loops GH and CD of MD-2 (9). NPC2, a cholesterolbinding ML family protein, also experiences cholesterol-induced conformational changes in regions that correspond to loops GH and CD of MD-1, resulting in an enlarged lipid-binding cavity (27, 28) . These findings suggest that ML family members use an intrinsic structural plasticity in loops GH and CD to bind their specific lipid ligands.
Lipid IVa Binding Mode of cMD-1. The hydrophilic moiety of lipid IVa (P2-G2-G1-P1; Fig. 5A ) extends over cMD-1 residues Lys103, Glu94, and Tyr92 and makes hydrophilic contacts with β-F and loop FG on sheet-1 ( Fig. 5 and Fig. S6A Right) . Lys103 is located next to P2 and G2, and forms main-chain H bonds with P2. Tyr92 and Glu94 reposition their side chains upon lipid IVa binding and H bond with G1 O 3 /A1 O 1′ and A3 O 3′ , respectively. An additional H bond is observed between the Gly124 main chain and G1 O 4 on β-sheet-2. In contrast, three of the acyl chains, A2, A3, and A4, are completely embedded in the cavity and make extensive van der Waals contacts with hydrophobic residues lining the cavity (Fig. 5B and  Fig. S3A ). These three acyl chains extend into the cavity in an almost perpendicular orientation to the G1-G2 sugar backbone and are aligned side-by-side through hydrophobic interactions. A2 adopts an essentially fully extended conformation, whereas A3 and A4 adopt~100°and~120°kinks at their C 8′ and C 9′ atoms, respectively, due to space constraints within the cavity.
Acyl chain A1 is distinct in its conformation and exposure. The C 1′ -C 3′ atoms are aligned parallel to the G1-G2 sugar backbone and perpendicular to the rest (C 4′ -C
14′
) of A1 (Fig. 5B) . Consequently, A1 C 7′ -C 14′ stacks with A2 C 1′ -C
7′
. Interestingly, only A1 C 14′ is completely buried and makes extensive contacts with Val80, Pro129, and Ile135, whereas the other A1 C 1′ -C 13′ atoms form limited hydrophobic contacts with Leu90, Tyr92, and Ile125. Thus,~40% of A1 is exposed to solvent (Fig. S6A) .
Lipid Binding Modes of MD-1 vs. MD-2. Structural comparison of lipid IVa molecules bound to cMD-1 (lipid IVa cMD-1 ) and hMD-2 (lipid IVa hMD-2 ) demonstrates distinct lipid IVa binding modes (Fig. 6) (8) . First, the hydrophilic phosphosugar backbone interaction of lipid IVa with MD-1 and MD-2 occurs on opposite sides of the cavity entrance. MD-1 uses β-F and loop FG on sheet-1 for interaction, whereas MD-2 employs β-G and loop GH, which are positioned below β-F and loop FG, on sheet-2. As a result, the lipid IVa cMD-1 sugar backbone shifts by 8-15 Å toward the N-terminal end of loop FG and away from the cavity, compared with lipid IVa hMD-2 . Such a shift results in solvent exposure of the lipid IVa cMD-1 A1 acyl chain (Fig. S6A) . In contrast, MD-2 completely buries all of its acyl chains of lipid IVa inside the cavity (Fig. S6B) .
Unexpectedly, when LPS binds to hMD-2/hsTLR4 (LPS hMD-2/ hsTLR4 ), structural similarities and dissimilarities are exhibited (Fig. 6 ). LPS hMD-2/hsTLR4 is distinct from lipid IVa cMD-1 in that the LPS hMD-2/hsTLR4 phosphosugar backbone interacts mainly with β-G and loop GH of MD-2, rather than β-F and loop FG as in cMD-1/lipid IVa. However, LPS hMD-2/hsTLR4 and lipid IVa cMD-1 are much more alike in their disposition, exposure, and orientation. LPS contains two extra acyl chains, and thus the LPS sugar backbone is displaced by~5 Å from the cavity toward edge-1, with respect to lipid IVa hMD-2 , which then places LPS hMD-2/ hsTLR4 between lipid IVa hMD-2 and lipid IVa cMD-1 in the other structures. Second, the A1 acyl chain of LPS hMD-2/hsTLR4 is exposed, much like that of lipid IVa cMD-1 ( Fig. S6 A and C) . Last, the phosphosugar backbones of LPS hMD-2/hsTLR4 and A B Open-book view of the cMD-1/lipid IVa interaction. To achieve the view, the cMD-1 structure (gray ribbons) shown in the middle was split between sheets-1 and -2, and then the sheet-1 (Left) and sheet-2 (Right) sides were rotated by 90°in the left and right directions, respectively, along the vertical axis. Lipid IVa is depicted in a ball-and-stick model (green). cMD-1 residues that form the internal cavity are color coded in surface representation (polar residues H/N/Q/S/T/C, gray; charged residues K/R/D/E, magenta; aliphatic and aromatic residues A/G/I/L/M/W/F/W/Y, yellow). cMD-1 residues that interact with lipid IVa are shown in sticks. The internal surface of the cavity is outlined in magenta broken lines.
lipid IVa cMD-1 are oriented in the same relative order of P2-G2-G1-P1 in the direction of β-G, whereas that of lipid IVa hMD-2 is positioned in the reverse orientation, P1-G1-G2-P2 (Fig. S6) . Taken together, MD-1 and MD-2 use different surfaces for ligand recognition, but lipid IVa cMD-1 more closely resembles LPS hMD-2/hsTLR4 in lipid orientation and exposure.
Discussion
Here, we present the crystal structure of MD-1 where the hydrophobic cavity of the β-cup fold contains a lipid-like molecule (Fig. 1) . Similarly, other ML family proteins have been found to contain additional, elongated electron density of various lengths and orientations inside their hydrophobic cavities in their crystal structures (8, 29, 30) . For example, MD-2 has three long tubes of electron density, each of which was modeled as a myristoyl acid molecule (Fig. S1B) (8) . Der f 2 harbored an elongated U-shaped molecule (30) . GM2AP, a ganglioside GM2 binding protein, was purified with a mixture of lipids and a PGT-like molecule was observed in the crystal structure (29) . These lipid-like pseudoligands may be either cellular components encountered during recombinant protein synthesis inside cells or medium components that were captured after protein expression. Likewise, it is highly probable that MD-1 in vivo also harbors a lipid molecule derived from cells or from serum. Whereas the exact biological significance of these pseudoligands is unclear, they appear to have a key structural role. Such lipids fill the empty space within the hydrophobic cavity, preventing cavity collapse or disintegration. Although they likely play an indispensable role for structural stabilization of the β-cup fold, we assume that they can be easily replaced by bona fide ligands. Many other cell-surface receptors, such as CD1, which also binds lipids and glycolipids, and MHC class I and II molecules, are not found in an unliganded state and are normally occupied with endogenous selfligands until displaced by foreign antigens (31, 32) . The observation of a lipid-like molecule in the cMD-1 PGT structure inspired us to reevaluate the interaction between MD-1 and LPS. Indeed, we were able to identify direct interaction by native gel electrophoresis and gel filtration analyses (Fig. 3) . Furthermore, our crystal structure of the cMD-1/lipid IVa complex strongly supports a direct LPS/MD-1 interaction and provides insights into the MD-1/LPS binding mode (Fig. 5) . Tetraacylated lipid IVa induces a conformational change at loop GH in MD-1 (Fig. 4) . Nevertheless, one of the lipid IVa acyl chains is not completely buried inside the MD-1 cavity, suggesting that the cavity is not spacious enough to fully enclose an entire lipid IVa molecule. Thus, hexa-acylated LPS would be expected to induce further structural changes, potentially through the flexible MD-1 loop GH to expand the cavity, but it is also expected that the additional acyl chains in LPS would be somewhat exposed. Moreover, the LPS sugar backbone might be displaced further from the cavity, as seen for LPS bound to MD-2. Two structural distinctions between lipid IVa-bound MD-1 and MD-2 imply that MD-1 has a lower affinity for LPS than MD-2. First, lipid IVa binding induces substantial conformational changes in loops GH and CD of MD-1, whereas these changes are not seen in MD-2. The lipid IVa-induced structural rearrangement in MD-1 would likely consume energy and, therefore, contribute to an affinity decrease. Second, the nonpolar A1 acyl chain of lipid IVa is partially exposed to solvent and would not be in as energetically favorable an environment as its counterpart in hMD-2, which is completely buried in the hydrophobic cavity. The lower affinity of MD-1 for LPS may provide an explanation why previous reports failed to detect the LPS/MD-1 interaction by coimmunoprecipitation analysis (20, 21) .
It is well documented that RP105-tethered MD-1 regulates an MD-2/TLR4-mediated LPS response (16) (17) (18) (19) . In contrast, such studies on soluble MD-1 have been scarce. It is apparent that MD-1 circulates as a soluble form in the serum of skin-grafted mice at a concentration comparable to that of MD-2 in healthy human donors (33, 34) . However, the biological role of soluble MD-1 has not been addressed. Our study on the MD-1/LPS interaction allows us to speculate that soluble MD-1 may function as a modulator of host sensitivity to LPS. One possible scenario for the modulation is that soluble MD-1 can sequester LPS from LPS receptors, such as LPS-binding protein (LBP) and CD14, as well as MD-2, to inhibit cell activation by LPS. Another interesting model for the function of soluble MD-1 is based on the role of soluble MD-2 in opsonizing Gram-negative bacteria and facilitating their phagocytosis and intracellular removal via TLR4 signaling (33, 35) . By analogy with soluble MD-2, soluble MD-1 might dock to LPS in the outer membrane of Gram-negative bacteria and stimulate TLR4-mediated phagocytosis of the bacteria. This model is supported by the observation that MD-1 is immunoprecipitated with TLR4 in HEK293 cells that coexpress TLR4 and MD-1 (36) .
In addition to the soluble form, MD-1 also exists as a complex with RP105 on the cell surface (13, 14) , and the complex exerts a regulatory activity on MD-2/TLR4-mediated LPS responses via direct interaction of MD-1/RP105 with MD-2/TLR4 (16). To address whether MD-1 interacts with RP105 in a similar manner as MD-2 and TLR4, tertiary structures as well as primary sequences were compared between MD-1 and MD-2. MD-2 uses two opposite surfaces, corresponding to the primary and homodimerization interfaces, to interact with TLR4 (7, 9) (Fig S7A) . The primary interface drives formation of the 1:1 TLR4/MD-2 complex and is located mainly at MD-2 loops DE and FG on edge-1. The homodimerization interface is formed between two 1:1 MD-2/TLR4 complexes upon LPS-induced TLR4/MD-2 homodimerization and includes MD-2 residues from loops EF and GH on edge-2. MD-1 shares relatively high sequence identity (28-39%) with MD-2 in the primary interface residues, despite low overall sequence identity (~20%; Fig. S7B) . Moreover, the MD-1 and MD-2 primary interface residues exhibit relatively small structural deviations (~1.9 Å in average), compared with the overall rmsd value of 2.8 Å (Fig. S7C) . The similarities in sequences and structures suggest that MD-1 uses the same DE/FG loops to interact with RP105 as MD-2 does with TLR4. In contrast, the homodimerization interface residues exhibit substantial sequence and structure dissimilarities between MD-1 and MD-2, where the sequence identity is very low (0-20%; Fig. S7D ) and structural deviation is substantial (~4.3 Å in average), in particular for loop GH (~6.8 Å in average; Fig. S7E ). Thus, MD-1 is unlikely to use loops EF/GH for RP105 interaction. Taken together, these observations suggest that MD-1/RP105 forms a similar structural architecture as the 1:1 MD-2/TLR4 complex, but does not resemble that of the 2:2 MD-2/TLR4 complex.
Loop GH, which exhibits pronounced sequence and structure dissimilarities between MD-1 and MD-2, appears to provide MD-1 and MD-2 with specific binding capabilities via sequence variation and structure plasticity. MD-1 loop GH changes its conformation and dynamics to accommodate lipid IVa, and MD-2 loop GH undergoes substantial structural rearrangement (3.3 Å on average) upon LPS binding, including a drastic movement of Phe126 into the MD-2 cavity, to recruit another 1:1 MD-2/ TLR4 complex for signaling (7, 9) . Moreover, sequence differences in residues 122 and 125 of loop GH between hMD-2 and mMD-2 determines species specificity in lipid IVa response (37), presumably due to differential positioning of lipid IVa in the MD-2 cavity that then affects the ability of lipid IVa to recruit another 1:1 complex (38). These observations imply that the sequence and structure diversity of loop GH is critical for MD-1-and MD-2-specific functions. Thus, it will be interesting to see if loop GH is also involved in MD-1/RP105's specific function concerning regulation of MD-2/TLR4-mediated LPS response.
In conclusion, our crystal structures of cMD-1 lipid IVa and cMD-1 PGT , together with additional biophysical data, demonstrate a direct interaction of MD-1 with LPS. Through its LPS binding ability, soluble MD-1 might then play a crucial role in modulating the host immune response against bacterial infection.
Materials and Methods
For details of protein expression and purification, protein/ligand interaction, crystallization, and structure determination, see SI Materials and Methods. Briefly, cMD-1 and mMD-1 were expressed in insect cells by a baculovirus expression system and purified to homogeneity by a series of chromatography. MD-1/LPS interaction was analyzed by native PAGE and gel filtration. cMD-1 PGT and cMD-1 lipid IVa were crystallized by sitting-drop, vapor diffusion.
X-ray diffraction data were collected at synchrotron sources. The cMD-1 PGT and cMD-1 lipid IVa structures were determined by SIRAS and molecular replacement methods, respectively. Data collection, phasing, and refinement statistics are summarized in Tables S1 and S2. 
